To determine whether increasing distance between helicopter ambulance airbase and either home residence or referring facility is associated with an increased risk of injury-related mortality. Background: A dramatic increase in the absolute number and utilization of Helicopter Emergency Medical Services transports has occurred in the management of the critically injured patients. HEMS are resource intensive, and the most efficient geographic distribution of airbases necessary to improve patient outcomes is unknown. Methods: We performed a retrospective analysis of 244,293 adult trauma patients who were treated at a designated trauma center (TC) in Pennsylvania during the period 1997 to 2007, using the Pennsylvania Trauma Outcomes Study data set. We performed a multivariate analysis, adjusting for differences in case mix, to determine whether airbase proximity to either residence or referring facility is associated with injury-related mortality. Results: For patients residing distant (>20 miles) from a TC, increasing distance from an airbase is associated with an increased risk of death; for each mile, the risk of mortality increases by approximately 1% (adjusted odds ratio, 1.011; 95% confidence interval, 1.002-1.018; P = 0.02). There is no additional benefit to living close (<25 miles) to more than 1 airbase. However, most airbases are positioned near TC and other airbases. Despite the proliferation of helicopter ambulances, 18.1% of patients who did not live near a TC also did not live near airbase. Conclusions: For individuals residing distant from a TC, proximity to 1 airbase is associated with reduced risk of death. No additional benefit is observed when airbases are positioned close to a TC or other airbases.
T rauma patients are transported routinely by helicopter to tertiary trauma centers (TCs) because of the established benefits of minimizing the time from injury to definitive care, especially for the severely injured patient. 1, 2 Several risk-adjusted analyses suggest that air transportation improves survival. [3] [4] [5] [6] [7] However, such supportive evidence has not been borne out in every study. 8, 9 Authors unable to detect improved outcomes implicate the high prevalence of overtriage and air transportation of minimally injured populations that are unlikely to benefit (incidence of nonbenefit: 67.2%-95.1%) from, though may need evaluation by, higher level trauma care. 10 Indeed, studies demonstrating the greatest benefit focus upon severe trauma [Injury Severity Score (ISS) >15; Revised Trauma Score (RTS) >3] and cohorts more likely to harbor time-dependent injuries. 3, 5, 7, 9, 11 Alternatively, the use of air transportation in metropolitan regions that contain a TC may underlie the results of studies failing to observe benefit. 10, 12, 13 For specific distances, ground ambulance transported patients as rapidly as air transportation. 12, 13 Hence, the association, and thus benefit, of shorter time to definitive care with air transportation may only be realized beyond a certain distance from a TC.
Collectively, these data suggest that for a particular region and population, an ideal geographic distribution and critical availability of helicopter services will optimize patient outcome. It is imperative to determine how to best distribute Helicopter Emergency Medical Service (HEMS) assets to optimize utilization and health care delivery while minimizing costs and risk. [14] [15] [16] [17] Inherent in this objective is identifying circumstances for which air transportation does not provide improved health care. Although a randomized control trial would be the ideal methodology to determine the effectiveness of helicopter regionalization in reducing injury mortality, this study design is neither practical nor ethically sound. Fortunately, the past decade has seen rapid growth in the availability of helicopter transport, the variation of which provides a natural experiment to determine the impact of the geographic distribution of helicopter transport on trauma outcomes. Our primary objective was to determine whether increasing distance between emergency helicopter airbase and either home residence or referring facility is associated with an increased risk of injury-related mortality.
METHODS

Study Design
We conducted a retrospective cohort analysis of all trauma patients admitted to a Pennsylvania Trauma Systems Foundation (PTSF)-accredited TC in the state of Pennsylvania between January 1, 1997, and December 31, 2007. Pennsylvania accounts for 4.2% of the US population and contains both rural and urban centers, which results in a representative mix of trauma injury severity and mechanism. 18 In addition, the PTSF maintains both a statewide trauma registry and an administrative database of all hospitalizations. The PTSF collects data from TCs on all transfers from outlying hospitals, all admissions to the intensive care unit, all deaths, and all admissions from the field with a stay longer than 48 hours. 19 For the purposes of this study, we defined definitive TC as any level I or II TC. Our primary objective was to determine whether increasing distance between an HEMS airbase and either home residence or referring facility is associated with an increased risk of injury-related mortality.
Characteristic of Trauma Probability of Survival (ASCOT). In calculating the RTS, and thus the TRISS, the admission respiratory rate was utilized; patients intubated were ascribed a score of zero. In the PTSF, trauma registrars had calculated ISS, RTS, and ASCOT for patients, based on information abstracted from the record. We defined a severe injury as any injury satisfying at least 1 of the 3 criteria: RTS >3, ISS >15, or TRISS <0.90. Nine categories of comorbidities were available and characterized using the methods of Elixhauser et al 20 : alcoholism, diabetes, heart disease, hypertension, liver disease, obesity, pulmonary disease, renal failure, and substance abuse.
Transportation
Patients were classified by mode (air, ground) and origin (scene, interfacility transfer) of transportation to the definitive TC. Pennsylvania statewide protocol provides a guideline for mode of transportation and disposition destination. 21 We calculated 3 distances: closest airbase to residence; closest TC to residence; and in the circumstance of interfacility transfer closest airbase to referring non-TC. TIGER/Line 2009 geographic Shapefile data available from the US Census Bureau were reformatted into North American Datum 1983 State Plane Pennsylvania South FIPS 3702 system, using ArcCatalog software (ESRI, Redlands, CA). These data were then used to plot residence zip code, Pennsylvania helicopter bases, PTSFaccredited Pennsylvania TC as of 2009, and the Pennsylvania county and state boundaries. Distance from residence and referring non-TC zip codes to each operational helicopter base and PTSF-accredited TC at the date of injury were calculated using ArcMap software (ESRI). Helicopter bases for which dates of service were accurate only to the month were further classified to the beginning or ending day of the known month to minimize false assumption of availability. For each subject, access to air transportation was defined as the distance from residence to the most proximal HEMS airbase. We further characterized the number of airbases located within 25 miles of residence. Access to a TC was defined as the distance from residence to the most proximal TC. Temporal trends of number of bases within 25 miles of residence zip code, distance from residence zip code to closest base, and distance from residence zip code to closest TC were calculated.
Statistical Analyses
We separately conducted the following analyses for patients directly transported to a TC from the field and for those patients transported to a TC via interfacility transfer. Univariate analyses were performed using the Student t, Pearson χ 2 , and Wilcoxon rank-sum tests as appropriate. We performed a random-effects multivariable logistic regression to assess the association between distance from residence to closest airbase or distance from referring facility to closest airbase and the risk of death. We calculated crude and adjusted odds ratios (ORs) with 95% confidence intervals (95% CIs), accounting for the correlation within hospitals and covariates specified a priori as potential confounders. For each analysis, we adjusted for age, sex, race, comorbidities, year of injury, mechanism of injury, ISS, scene systolic blood pressure, and distance to a TC. We explored whether the associations between distances to an airbase and mortality varied with distance to a TC or severity of injury by including an interaction term between distance to an airbase and these covariates: distance to a TC (≤20 miles, >20 miles) and ISS (<15, >15). For the assessment of distance as a continuous variable, we also used the fractional polynomial method, an iterative estimation process that determines the best fitting polynomial-regression function. 22 This method makes no underlying assumptions about the relationship between distance and outcome and thereby averts the potential bias involved in prespecifying the functional form.
Using similar methodology, we assessed the association between distance from residence to closest airbase or number of airbases within 25 miles of residence and the risk of air transportation. We conducted all statistical analyses using Stata 12SE software (College Station, TX). A P < 0.05 was considered statistically significant.
RESULTS
Regional Distribution of Air Transportation
Over the 11-year period, the number of helicopter bases in Pennsylvania more than doubled, from 19 airbases in 1997 to 41 airbases in 2007 ( Fig. 1 ). This correlated with a decrease in the distance between home residence and closest airbase ( Fig. 2A) and an increase in the total number of airbases within 25 miles of residence ( Fig. 2B ) for both directly transported and interfacility transferred patients. Overall, the percentage of patients more than 20 miles from a TC who were not within 25 miles of a helicopter base decreased from 32.8% to 18.1% (P < 0.001) and represented 5.1% of all PA TC admissions in 2007.
Use of Air Transportation
During this period, a total of 244,293 patients were admitted to a TC, of which 53,224 (21.5%) were transported by air ( Fig. 2D) . A greater proportion of interfacility transfers involved air transportation than direct scene runs (28.8% vs 19.3%; P < 0.001) ( Table 1) . However, over time, a greater proportion of direct scene transportations occurred by air, in contrast to a decreased use of air for interfacility transfer (Fig. 2D ). Approximately half of direct scene runs and interfacility transfers possessed minor or moderate injuries as defined by ISS, RTS, or TRISS (Table 1 ). Comparing 1997 and 2007, the proportion with minor or moderate injuries transported by air increased for direct scene runs (40.3% vs 47.8%; P ≤ 0.001), yet remained stable for interfacility transfers (49.0% vs 49.8%; P = 0.64).
Direct Scene to TC Transportation
Adjusting for differences in case mix, patients injured in 2007, in contrast to 1997, were more likely to be transported by air (adjusted OR, 1.25; 95% CI, 1.12-1.39; P < 0.001). For this cohort, younger age, male sex, white race, greater severity of injury (eg, ISS), physiological compromise (eg, shock), further distance from a TC, and proximity to an airbase were independently associated with increased use of air transportation (Table 1 ). For each additional mile an individual resided from a TC, he or she was 16% more likely to be transported by air (adjusted OR, 1.16; 95% CI, 1.16-1.16; P < 0.001). For each additional mile further from an airbase an individual resided, he or she was 0.4% less likely to be transported by air (adjusted OR, 0.996; 95% CI, 0.994-0.999; P = 0.001).
Interfacility Transfer
During the 10-year period, the adjusted probability of interfacility transfers occurring by air decreased by nearly 50% (adjusted OR, 0.54; 95% CI, 0.49-0.60; P < 0.001). Younger age, male sex, white race, greater severity of injury, and physiological compromise were associated with increased probability of air transportation (Table 1) . For each mile further an individual resided from a TC, the more likely he or she was to be transferred by air (adjusted OR, 1.04; 95% CI, 1.04-1.04; P < 0.001). However, proximity of the referring facility to an airbase was not associated with the use of air transportation. increased risk of death (OR, 1.005; 95% CI; 1.003-1.008; P < 0.001), which was no longer significant after adjusting for differences in case mix (adjusted OR, 1.002; 95% CI; 0.997-1.006; P = 0.40) ( Table 2) . We observed that the association between proximity to an airbase and mortality varied with distance to a TC, becoming significant at a distance greater than 11 miles from a TC [interaction between distance to a TC (≤11 miles, >11 miles) and distance to an airbase; P = 0.05]. For subjects residing greater than 11 miles from a TC, increasing airbase distance was associated with an increased risk of death (adjusted OR, 1.006; 95% CI, 1.000-1.011; P = 0.05). We considered this association clinically relevant at a distance greater than 20 miles from a TC. Thus, for subjects residing greater than 20 miles from a TC, each mile further one lived from an airbase was associated with an approximate 1% increased risk of death (adjusted OR, 1.011; 95% CI, 1.002-1.018; P = 0.01). Figure 3 shows the effect of airbase distance when examined as a continuous variable in a multivariate model. Increased mortality is seen throughout the distribution, as distance to the closest airbase increases from the lowest to the highest value ( Fig. 3 ). This effect did not vary with severity of injury as defined by ISS (interaction between ISS >15 and distance to an airbase; P = 0.72) or the presence of hypotension at the scene (interaction between systolic blood pressure <90 mm Hg and distance to an airbase; P = 0.30). The benefits of airbase proximity to residence were observed with just 1 airbase within 25 miles (adjusted OR, 0.77; 95% CI, 0.59-1.00; P = 0.05). In comparison with the presence of 1 airbase within 25 miles of residence, additional airbases within 25 miles did not reduce the risk of death (adjusted OR, 1.20; 95% CI, 0.86-1.67; P = 0.28).
For patients transferred to a TC from outlying facilities, we did not observe a significant association between residence proximity to an airbase and mortality (adjusted OR, 1.002; 95% CI, 0.991-1.014; P = 0.72) ( Table 2 ). The association between airbase proximity and mortality did not vary with residence proximity to a TC (Table 2) . Thus, for transferred patients residing greater than 20 miles from a TC, increasing distance to an airbase was not associated with an increased risk of mortality. Similarly, distance between referring facility and airbase was not associated with mortality either within 20 miles of a TC (OR, 1.003; 95% CI, 0.996-1.010; P = 0.37) or more than 20 miles from a TC (OR, 0.999; 95% CI, 0.993-1.006; P = 0.85) ( Table 2) . paramount to optimizing outcome. Inclusive in this design, and supported by recent evidence, is the belief that air transportation through either rapid patient delivery to a TC or more advanced prehospital care, facilitates that goal. 23 Our study highlights the increased resources allocated to developing a system of air transportation. We observed a near doubling in the number of airbases that correlated with improved airbase proximity to and an increase in absolute number of airbases near each patient. A reduced risk of death with increasing closeness to an airbase was observed only among patients residing at least 11 miles distant from a TC that was clinically relevant at distances greater than 20 miles. However, most airbases were positioned close to a TC or another airbase, patterns for which no benefit could be identified. Thus, our data suggest that patient care, and ultimately survival, will be improved by measures that optimize the geographic distribution of airbases particularly among patients residing beyond a certain threshold distance (20 miles) from a TC.
Although this last assertion may seem obvious, our data suggest that the organization of airbases occurs otherwise. Qualitative review of these bases added during the study period determines that many were placed close to other bases; by 2007, most patients lived within 25 miles of at least 4 airbases and some patients were surrounded by 8 bases. Understandably, this organization will correlate with population density and access to hospitals, as the need for HEMS is equally important for other medical conditions. Furthermore, the location of many airbases is based on economic viability and typically at TCs, as their providers are employed by the hospital. Nonetheless, for the management of trauma, a single helicopter base within a 25-mile radius was enough to impart the associated improved survival; addi-tional helicopters within that same radius were not associated with any additional mortality benefit. Many of these bases were established close to the administrating TC such that a considerable portion of these patients also resided close to a TC and within a distance for which we estimated ground transportation would be as rapid as air transportation.
Diaz et al 12 determined that at distances greater than 10 miles, simultaneously dispatched air transportation was faster than ground transportation. Nonsimultaneous dispatched helicopter was faster than ground transportation if greater than 45 miles from the hospital. Similarly, Lerner et al 13 identified an air zone beginning between 5 and 16 miles from a TC that minimized out-of-hospital times. We did not evaluate transportation times but, nonetheless, consider our data supportive of a similar theme: only beyond a certain distance from a TC, here 11 miles, is airbase proximity associated with improved survival for those patients directly transported to a TC. If HEMS is superior to ground transportation as a result of more expeditious delivery of trauma care, then airbases would ideally be established distant from TCs and close to patients without TC access. Locating airbases near TCs prolongs the duration from helicopter dispatch to scene arrival for that population residing furthest from a TC and for which air transportation may most significantly impact transportation times. Similar conclusions are drawn if the benefit of HEMS is by rapidly bringing a higher level of care to the scene. For our population studied, however, the allocation of new airbases seems to follow this pattern. Collectively, these data suggest that further analyses-specific to the regional geography, population density, and critical access hospital location-are required to determine the <90 mm Hg 1.003 0.998-1.010 0.17 ≥90 mm Hg 0.998 0.984-1.012 0.77 P interaction = 0.40 * Adjusted for age, sex, race, comorbidities, year of injury, mechanism of injury, and ISS.
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‡Adjusted for age, sex, race, comorbidities, year of injury, mechanism of injury, ISS, and scene systolic blood pressure. optimal allocation of helicopters. Additional prospective analyses of transportation times and care delivered at the scene would potentially provide mechanistic insight into our observations. Nonetheless, a shift in location of an apparent ample number of helicopters could provide airbase access for the 18.2% of the study population that still live distant to both TC and airbase.
The benefit of airbase proximity was significant only for patients directly transferred from the field to a TC. For interfacility transfers, airbase proximity to neither residence nor referring facility was significantly associated with survival, even with increasing distance from a TC. Selection bias may, in part, account of these observations, as patients evaluated at a non-TC and deemed too unstable for interfacility transfer would not be captured. However, a substantial proportion of transferred patients did possess time-dependent injuries as defined by ISS, RTS, or TRISS. Yet, even after assessing the effect modification of injury severity and hypotension, we did not observe a significant association between airbase proximity to either residence or referring facility and mortality. In the context of mechanisms by which air transportation improves outcome (ie, rapid delivery to a TC, higher level of EMS care), these data suggest that for interfacility transfer, airbase proximity is not associated with time to definitive TC care. This may stem from equivalent transfer times for ground and air transportation. Alternatively, the sickest of patients are flown, in part, because of airbase proximity. In Pennsylvania, HEMS provides a higher level of care than most ground EMS. Thus, for certain highrisk patients (ie, mechanically ventilated, chest tube thoracostomy, transfusion), HEMS is the only choice. However, we adjusted for all available measures of injury severity and physiological compromise and, yet, our estimates remained insignificant. Alternatively, care (eg, intubation, Advanced Trauma Life Support) at a referring center may address some vital aspects of injury severity that for directly transported patients is administered by advanced aeromedical personnel. Thus, the time dependence, even for the proportion severely injured, is lessened among transferred patients. This too may occur through an increased sensitivity of field triage to those needing TC care and who thus are directly air transported to a TC. Indeed, over time, we observed an increase in the use of air transportation among directly transported patients that correlated with the previously described temporal changes in airbase geography.
Our data support other studies highlighting the substantial frequency with which air transportation is used in the care of the modestly injured patient. Indeed, nearly half of both direct and interfacility transported patients did not meet any of the severity criteria (ie, ISS, RTS, ASCOT, TRISS). Some degree of overtriage is inevitable, certainly in circumstances of time-pressured decisions made at the scene regarding the mode of transportation. Similarly, in accordance with the ASCOT guidelines, a substantial prevalence of overtriage is accepted so as to minimize undertriage of patients needing a higher level of care. Distinct from the need for TC care, however, is the need for air transportation. For interfacility transfer, where a thorough physician evaluation and ancillary studies (ie, computed tomographic scanning) should yield more selective use, a lower incidence of air transportation is expected. Similarly, many patients need TC evaluation, but not necessarily emergent intervention. We did observe a temporal decrease in risk-adjusted use of interfacility air transportation that occurred without a significant change in the proportion of patients meeting severity criteria. These data suggest that a temporal trend shifting a greater population of patients to direct TC admissions, rather than an improved appropriateness in the use of air transportation, accounts for the reduced use of air for transfer.
Our study has limitations that merit discussion. Notably, we focus not upon the use of HEMS but, rather, geographic airbase localization. We assume that proximity to an airbase is correlated with helicopter transport and serves as one mechanism through which benefit is imparted. However, airbase proximity may merely represent access to some other aspect of health care, such as more advanced regional ground EMS or less rurality. We consider this unlikely; for patients transported from the scene, airbase proximity correlated directly with increased air transportation use and improved outcome. As depicted in Figure 3 , the risk of death exponentially increases with increasing distance to an airbase, becoming steepest at the greatest distances, regions one would predict rurality would be similar. These relationships were not identified in cases of interfacility transfer, for which neither use of air transportation nor clinical outcome depended upon airbase proximity. Unfortunately, a more detailed mechanistic analysis (ie, time to definitive TC care, level of scene care) of how airbase proximity is associated with improved survival could not be performed because of limitations of the data. Injury is time dependent; yet, time data are not captured with sufficient granularity and accuracy to enable valid analysis. In contrast, distances are completely and accurately captured, they serve as valid surrogates for time, and the covariates used collectively bundle additional time-independent aspects such as the nature of the care delivered. Our data set does not capture patients managed at a referring hospital who died before interfacility transfer. However, the survivor bias introduced by this missing data would bias our results toward the null. Thus, we consider our estimates conservative and more representative of a lower FIGURE 3. Association between proximity of residence to the closest airbase and mortality for patients directly transported from the scene to a trauma center.
bound of the reduced risk of death with proximity to an airbase. We utilized ISS, ASCOT, and TRISS as determinants of the need for HEMS, recognizing that these measures are not available at the scene. Additional characteristics obfuscating those who have and do not have significant injuries (eg, intubated for alcohol intoxication) were not available, yet may impart residual bias. Our use of residence zip code as a proxy for injury location may introduce bias, especially along corridors of major interstate highways with low population density. However, evidence supports that home residence, which was accurately and completely recorded, may be used to proxy injury location, particularly in regionalized trauma system planning. 24 Organizing airbases close to TCs, and thereby providing greatest airbase access to patients who may receive definitive trauma care by ground transport, will not reduce mortality. Furthermore, a density of proximal helicopter airbases in excess of 1 per 25-mile radius is unlikely to reduce mortality. The variability in state geography, population density, and trauma system design necessitates determining regional-specific estimates for the associations we observed. Nonetheless, the conceptual conclusions we draw are generalizable to the general infrastructure of regional trauma systems. Therefore, we recommend considering a minimum threshold distance from a TC before airbase placement to optimize access to at least a single airbase. Further efforts to geographically distribute airbases could improve access to these systems and reduce overall mortality.
